Abstract-Biodegradable polymers are widely used in biomedical and tissue engineering applications due to their biocompatibility and hydrolysis properties in the body. However, their low surface energy and lack of functional groups to interact with the cellular environment have limited their applications for in vivo studies. Ion beam modification is a convenient method for improving the surface properties of polymeric materials for functional biomedical applications. In the work described here, vacuum arc metal ion implantation was used to modify the composition of the near-surface region of three kinds of polymers-poly(L-lactide), poly(D, L-lactide-co-glycolide), and poly(L-lactide/caprolactone)-chosen as representative of biodegradable polymers. X-ray photoelectron spectroscopy analysis was used to characterize the chemical effects of these polymers after implantation with C and with Au, and the results were compared with untreated control samples. We find that oxidation behavior is brought about for certain implantation fluences, resulting in improved surface hydrophilicity.
sues. Biodegradable polymers offer alternatives for applications in medicine, surgery, etc., and can be either natural or synthetic. Synthetic polymers represent a more reliable source of raw materials, which are important, in turn, for immunogenicity [1] [2] [3] [4] .
Ion beam modification provides a convenient approach for tailoring both the mechanical and chemical properties of polymeric surfaces for biomedical applications [5] , [6] . In particular, it has been shown that not only the chemical composition of the irradiated polymer layers can be modified in a controlled way but also the related physical properties can be selectively modified via the ion implantation fluence (in ions per square centimeter).
In the work described here, we have investigated and compared the surface chemistry and wettability of Au 2+ -and C + -ion-implanted biodegradable polymer samples. The surface carbon dioxide content is a direct indicator of the oxidation level, and higher biodegradability can generally be correlated with higher CO 2 content. Furthermore, ion-catalyzed oxidation of the main polymer chain can lead to an increase in biodegradability [7] [8] [9] . In the literature, Au has been reported to not only display effective catalytic activity toward the electrochemical behavior of small biomolecules and proteins but also offer a favorable microenvironment for the orientation of several atomic species and greatly facilitate electron transfer [10] . On the other hand, C implantation can generate diamondlike carbon surface properties [11] .
The potential ability of carbon and gold ion implantations to alter the cell adhesion properties as well as to modify the material electronic properties and biodegradability are envisaged as part of the oxidative behavior of biodegradable polymers.
II. EXPERIMENTAL DETAILS

A. Materials
Samples of poly-L-lactide (PLA; PURASORB PL18 with an inherent viscosity of 1.8 dL/g), poly-D, L-lactide-co-glycolide 50/50 (PDLG; PURASORB PDLG 5010 with an inherent viscosity of 1.03 dL/g), and poly-L-lactide/caprolactone 70/30 (PLC; PURASORB PLC7015 with an inherent viscosity of 1.63 dL/g) were purchased from PURAC (The Netherlands) in granule form. As a solvent, chloroform (Merck) was used.
B. Film Sample Preparation
PLA, PDLG, and PLC film samples were prepared by a solvent casting method using a 5 wt% polymer-chloroform 0093-3813/$31.00 © 2012 IEEE solution. Granules were dissolved in chloroform and prepared by casting of the polymer solution on clean glass slides. The solvent was allowed to evaporate slowly at room temperature for 24 h, and the samples were then dried under vacuum at 50
• C. The films were glossy and with smooth surfaces displaying reproducible contact angle values.
C. Surface Modification
The polymer samples were ion implanted using a vacuum arc ion-source-based ion implantation system at the Ege University Surface Modification Laboratory. This facility has been described in detail elsewhere [12] [13] [14] . The broad-beam ion source can be repetitively pulsed at rates up to ∼50 pulses/s, and the extracted ion beam current can be up to ∼1 A peak or ∼10 mA time averaged. The ion source extraction voltage can be as high as near 100 kV. Mixed metal/gas ion beams can be generated by adding gas to the arc discharge region. In this paper, carbon and (separately) gold were implanted into polymer-on-glass samples at fluences that were varied over the range of 10 14 −10 17 ions/cm 2 and at ion energies spanning the range of 20-80 keV.
In order to control the implantation fluence, the number of pulses was varied. The applied pulses and the resulting ion current were measured with an oscilloscope. The fluence was estimated by measuring the implantation current and integrating it over the pulse duration using the following formula:
number of the ions implanted per unit area per pulse
where e is the ionic charge, A is the implantation area, I is the ion current, γ is the secondary electron emission coefficient, and P w is the pulsewidth.
For implantation time t and pulse frequency f , the total fluence is given by
The implantation parameters used here were pulse amplitudes which were 20 and 40 kV (extraction voltage) and pulse frequency (f ) which was about 0.1-10 Hz.
The SRIM computer code [15] , [16] was used to determine the depth profile of the C + and Au 2+ implantations into biodegradable polymeric surfaces. The calculations were performed using a full damage cascade treatment. Parameters were set up to represent the experimental conditions used, i.e., energy of the ions (20-80 keV) and incident angle of 0
• (incident ions perpendicular to the substrate) for each polymer. Ion ranges, energy loss distribution of ions, and sputtering yields were recorded after a complete simulation using 99 999 ions.
D. Surface Characterizations
The chemical structure and composition of the implanted surfaces were investigated by X-ray photoelectron spec- troscopy (XPS). XPS analysis was carried out using a Thermo K-Alpha monochromatic XPS spectrometer equipped with a dual Al/Mg anode, a hemispherical analyzer, and an electrostatic lens system (Omni Focus III). The electron takeoff angle was 45
• , and the analyzer was operated in the FAT mode using the Al K-alpha radiation with pass energies of 100 and 30 eV for survey and high-resolution scans, respectively. The spectra were analyzed using an iterative least squares fitting routine based on Gaussian peaks and Shirley background subtraction. The chemical shift peaks are charge referenced to the C-C/C-H peak at 284.6 eV.
Contact angles for the determination of the hydrophilic/ hydrophobic character of the ion-implanted polymers were estimated from the profile of droplets of distilled water placed on the surface of the material. The contact angle measurements were performed with a Dataphysics OCA-30 system in an atmosphere of air at room temperature. Five different measurements were performed on different areas of the same sample.
III. RESULTS AND DISCUSSION
Here, we discuss typical trends in the chemical modification for both Au-and C-implanted polymers as revealed by XPS analysis. The C 1s and O 1s photoelectron peaks of PLA, PDLG, and PLC samples are shown in Fig. 1 . The results for different fluences and energies of C and O concentrations can be seen in detail in Figs. 2 and 3 , and their structural effects on the sp2−sp3 bonding ratio are shown in Table I .
The three different kinds of polymer samples were C and Au implanted, with the same parameters for each kind of polymer, at an ion energy of 60 keV and a fluence of 1 × 10 15 ions/cm 2 for the Au implantations and at an ion energy of 30 keV and a fluence of 1 × 10 16 ions/cm 2 for the C implantations. In general, the C-and Au-implanted PLA, PLC, and PDLG samples show similar behavior in their XPS characteristics. C-O bonds are broken by the high-energy ion bombardment, and new compounds are formed on the surface. As can be seen in Fig. 1 , after implantation, all the samples exhibit increased concentrations of C 1s at 284.9 eV and different behaviors in O 1s around 538.5 eV. The ion implantation simulation results are summarized in Table I , where R p is the projected range (depth from the surface to the distribution peak) for C + -and Au 2+ -ion-implanted poly(L-lactide e-caprolactone) (C 6 H 10 O 2 ) n , at extraction voltages of 20-40 kV. The tabulated data indicate that the projected ranges for both ion species are of the same order. Fig. 2 shows the XPS spectral data for high-resolution C 1s scans. The first component, centered at 285 eV, is attributed to aliphatic carbon bonds (-C-C-) and carbon-hydrogen bonds (-C-H-). The second component at 287 eV is attributed to ether bonds (-C-O-), and the third component at 289 eV is assigned to the carboxylic groups (-COOH) in PLC [17] , [18] .
A decomposition of C 1s spectra into two bands provides the average binding energy and width of the corresponding sp2 and sp3 hybridizations (Fig. 4) . A third band at higher binding energy is due to oxidized carbon atoms [19] [20] [21] . After ion implantation of both C + and Au 2+ into PLC, the C 1s spectra are characterized by a single peak; however, the vibrational states for each of the primary lines are responsible for the observed spectrum (Fig. 2) . Thus, the peak model requires suitable asymmetric line shapes to describe the vibrational asymmetry (Fig. 4) . The vibrational structure is a part of the photon energy absorbed in ways other than purely ejecting an electron from the surface [22] . Other absorption modes, which include the socalled shake-up peaks, are possible where the loss structures appear at lower energy than the primary peaks with magnitude larger than the vibrational energy losses observed in PLC.
Our analysis shows that the sp3 band is always broader than the sp2 component after ion implantation. As shown in Table II Fig. 3 , which show increased concentration of oxygen for this specific range for the C and Au implantations. Thus, the O 1s spectra (Fig. 3 ) decrease with fluence, and the surface chemical structure of the biodegradable polymer changes back to a graphitic structure (Table II) . Fig. 3 shows the XPS results for high-resolution O 1s scans, where the C = O and C-O bonds at 536.0 and 533.4 eV, respectively, can be seen [17] , [18] . The O 1s spectra in Fig. 3 associate with the C 1s spectra in Fig. 2 , at the indicated fluence.
In both Figs. 2 and 3 , the lower fluence data show a decline in the oxidized vibrational density, a consequence of phenyl rings broken by ion beam bombardment. In this situation, ionimplanted and air-exposed samples are oxidized. As a result, the vibrations mainly exhibited are related to a hydrogenated amorphous carbon phase, which confirms the formation of oxidized carbon compounds including partially degraded aromatic rings [21] [22] [23] . This behavior is a consequence of atmospheric air in contact with surface open bonds. This situation is evident not only for the C-implanted samples but also for the Au-implanted samples.
In the case of Au implantation, ion bombardment induces carbon depletion from the surface layer, particularly for fluences of 1 × 10 15 -1 × 10 16 ions/cm 2 . The C-implanted samples exhibit the same trend for fluences of 1 × 10 16 and 5 × 10 16 ions/cm 2 . As can be seen from Fig. 5 and Table III , the oxygen concentration of the untreated sample is 44% and decreases to 22% after C implantation at a fluence of 1 × 10 14 ions/cm 2 . In the same way as for the Au-implanted material, the decrease in concentration follows the same trend, and the C concentration increases for low-fluence implantation. On the other hand, for fluences of 1 × 10 15 and 5 × 10 15 ions/cm 2 , the reverse behavior is observed. For these fluences for C-implanted samples, the O concentration increases. For 5 × 10 16 and 1 × 10 17 higher fluences, C and O concentrations on the surface exhibit the same behavior as for low fluences. In general, the C concentration increases, and the O concentration shows a decrease.
Thus, we can say that, for both C and Au implantations at "intermediate" implantation fluence, the surface oxygenation increases. This might be the origin of the associated changes in surface reactions and surface energy in terms of surface charge distribution. It has been reported [28] that the oxidation rate of ionimplanted silicon increases with fluence of Ar + and F + ions, whereas the implantation energy and, hence, the penetration depth do not have much effect on the silicon oxidation rate, and that the thickness uniformity of the oxide film grown over the surface also improves with increasing implantation fluence. In the present study, the same situation is true for polymers but over a certain fluence range. We also observe improvement in uniformity of the oxidizing species. Defects generated by implantation surpass the existing defects on the film, and the oxidation process is dominated by implantationgenerated defects. In such a situation, nonuniformity of the implantation process governs the uniformity of oxidation [19] , [21] , [28] . The implanted surface also enhances the migration of oxidizing species in polymers, and multidimensional migration of the oxidizers overcomes the enhancement of oxidation sites [28] . The C and O concentrations change with fluence in PLC.
Figs. 1-3 suggest that this phenomenon can be extended to different polymeric samples with several ions for lower fluence, but after a threshold value, this behavior tends to decline and the surface becomes carbonized.
It has been reported in the literature [20] that the formation of oxygen functionalities by ion implantation is one of the most useful and effective surface modification processes. Generally, polymers are hydrophobic, and conversion of these polymers from hydrophobic to hydrophilic behavior usually improves the adhesion strength, biocompatibility, and other important properties in physiological conditions and has been directly linked to oxygenation of the surface. In general, increase of carboxyl and C-O-C groups affects the surface energy and tends to improve surface wettability [25] - [28] . Fig. 6 shows the measured water contact angles on PLA, PLC, and PDLG before and after C implantation at a fluence of 5 × 10 15 ions/cm 2 and an ion energy of 30 keV. Note that significant surface oxidation is observed by XPS (Figs. 3 and 5 and Table II ). All three biodegradable polymers exhibit similarly improved wettability properties.
It can be seen from Fig. 6 that, for all three polymers, the contact angle falls significantly subsequent to both Au and C implantations. This change in water wettability is greatest for C-implanted PLC, for which the 71
• unimplanted contact angle decreases to 44
• after implantation. Aromatic rings of these polymers interact with polar water molecules through π electrons. After both Au and C implantations, hydrogen bonding and dipole interactions between water molecules and oxygen functional groups on the surface result in improved wettability of all biodegradable polymers [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
The overall results indicate that the implanted ions initially cause the destruction of rings of PLC which are composed of aliphatic-aromatic polyesters and the formation of structural defects in the macromolecules. Thus, the processes of structure transformation include degradation of aromatic rings, which are the least stable structures in the polymeric molecules, and this is followed by degradation of aliphatic groups, which are more stable. As the fluence increases, carbonization processes continue until a dense carbon layer is formed. Fig. 5 and Table III show the oxidation of PLC which occurs from broken component macromolecules of the samples removed from vacuum after intermediate fluences when the damage is high but the density of damage is not yet high enough to result in cross-linking [29] .
For these intermediate fluence values, polymeric structure will contain many reactive centers and will readily react with atmospheric oxygen. Again, both Fig. 5 and Table III also confirm that continued ion irradiation induces cross-linking and the formation of a hard amorphous carbon network which does not react with oxygen on exposure to the atmosphere. Therefore, the oxygen concentration has fallen again, and the relative sp2 content is also dominant on the surface (Table II) .
The formation of amorphous tracks and increasing sp2 content are two of the consequences of the ion-induced thermal spike [30] . Possibly, the sp3 fraction and the O concentration are highest at intermediate fluence but low at either low or high fluences.
We speculate that this behavior may be due to sputtering, which is explained by a thermal activation mechanism in the literature [30] , [31] . Szenes [33] [34] [35] assumes that the atoms are sputtered mainly from the hottest region. After charge neutralization is completed in the solid, the dominant fraction of the deposited energy is in the electron system. During the relaxation process, this energy is transferred to lattice atoms, leading to the formation of a high-temperature region called the thermal spike. The damage is more severe, and the electron deficit is the highest there. The bonds become temporarily weaker, and high transient mechanical stress field and strong Coulomb forces appear [30] , [31] . This results in amorphous tracks on the surfaces.
There are two thermal spike models that are often applied in analysis of the interaction of swift heavy ions with solids: the inelastic thermal spike model (ITSM) [31] and the analytical thermal spike model (ATSM) [32] . The ITSM follows the formation of the ion-induced thermal spike based on the Fourier equation, while the ATSM skips this stage and a final Gaussian temperature distribution is assumed. The ITSM rejects the Gaussian temperature distribution, while according to ATSM, several thermophysical parameters used by the ITSM are irrelevant to the formation of the thermal spike and the equilibrium values are not valid under spike conditions [32] . The results in Fig. 5 and Table III lead us to the ATSM [33] [34] [35] [36] approach as applicable to the sputtering of PLC molecules as well.
IV. CONCLUSION
We have shown that ion implantation of C and Au into biodegradable polymers, over a range of implantation fluences, modifies the polymer surface to produce oxygen-containing more hydrophilic surfaces. Surfaces implanted at low and high fluences show the formation of less oxygen groups, while at intermediate implantation fluence, enhanced oxygenation is observed, possibly due to migration of species along chains and atmospheric effects. These results suggest that ion implantation at optimum fluence affects the behavior of biodegradable polymeric materials in highly oxidative environments.
